We describe a new method used for quantitating weak interactions between proteins in which the weak interaction is "assisted" by a known DNA-DNA interaction. Oligonucleotides, which are conjugated to proteins of interest, contain short complementary DNA sequences that provide additional binding energy for protein-protein interactions. A stretch of unpaired bases links the protein to the hybridizing DNA sequence to allow formation of both protein-protein and DNA-DNA interactions with minimal structural interference. We validated the DNAassisted binding method using heterodimerizing coiled-coil proteins. The method was then used to measure the predicted weak interaction between two domains of the Escherichia coli L-arabinose operon regulatory protein AraC. The interaction between domains has the expected magnitude (K d = 0.37 mM) in the absence of arabinose. Upon addition of arabinose, we detected a weaker and unexpected interaction, which may necessitate modification of the proposed mechanism of AraC. The DNA-assisted binding method may also prove useful in the study of other weak proteinprotein interactions.
Introduction
Weak protein-protein interactions are ubiquitous in biological processes. Individual proteins in macromolecular complexes are held at a high effective local concentration by virtue of their mutual binding partners. Similarly, the domains of an individual protein are forced into a high effective local concentration as a consequence of their covalent linkage. The pairwise interactions between binding partners held at a high local concentration by any mechanism must be weak when processes such as ligand binding and phosphorylation dynamically regulate these interactions. Controlled low-affinity domain-domain interactions have been observed in bacterial two-component signaling proteins NarL 1 and CheA 2 and in the mammalian nucleotide exchange factor P-Rex1, 3 and have been suggested for the Escherichia coli transcription factor AraC. [4] [5] [6] Quantitative measurements of the weak interactions between proteins or domains of a protein are critical for a deep understanding of the energetics of protein regulation. However, the AraC protein is not sufficiently soluble to allow the preparation of highconcentration samples for conventional biophysical measurements. To date, we have been unable to detect the predicted interaction between domains of AraC by NMR or surface plasmon resonance (M. Rodgers, N. Neumann, and R.F.S., unpublished results). We required a new method that would be able to measure weak interactions between proteins at tractable protein concentrations.
We have developed a quantitative method for measuring weak interactions between two proteins or protein domains. Oligonucleotides containing short complementary sequences are conjugated to the proteins of interest. Weak DNA hybridization provides additional binding energy for the proteinprotein interaction. A stretch of unpaired bases links the protein to the hybridizing DNA sequence to allow formation of both protein-protein and DNA-DNA interactions with minimal structural interference. Because the two binding events are linked, the association of the conjugates is tighter than either individual interaction. The virtues of using DNA for both the flexible linker and the source of assisting binding energy are as follows: the interaction energy provided by DNA hybridization can be easily varied, and placement of a fluorophore and a fluorescent quencher on complementary DNA strands provides a convenient assay for association.
In this study, we employ heterodimerizing coiled coils to show that the DNA-assisted binding method follows theoretical expectations, and we demonstrate that the method can be used to extract a quantitative measure of the strength of the proteinprotein interaction. We then use the method to test for the predicted arabinose-dependent interaction between the dimerization domain and the DNAbinding domain (DBD) of the E. coli transcription factor AraC. [4] [5] [6] 
Results
General principles of DNA-assisted binding Consider two weakly associating molecules A and B, which are each connected via a flexible linker to one of a pair of weakly associating molecules a and b. The association of the covalent conjugates A-a and B-b will be tighter than the binding of A to B or the binding of a to b. In the general scheme used in this study (Fig. 1) , the weak interaction between proteins of interest is assisted by another weak interaction between two complementary singlestranded DNA sequences. We chose to use DNA for both the linker and the source of assisting interaction. Associating proteins and associating DNA sequences are connected with a flexible poly (dT) linker, which allows the DNA-DNA and protein-protein interactions to form without steric interference. Thymidine engages in limited hydrophobic stacking, making these sequences more flexible than random DNA sequences. 7, 8 The strength of the protein-protein interaction is related to the interaction strength of the protein-DNA conjugates by:
where K total is the equilibrium dissociation constant of the peptide-DNA conjugates, K DNA is the equilibrium dissociation constant for the DNA components alone, K protein is the equilibrium dissociation constant for the protein components alone, and C eff is the effective local concentration of one protein in the presence of the other when the complementary DNA sequences are hybridized.
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The effective local concentration C eff is a function of linker length and flexibility. Decreasing the linker length increases the effective local concentration and increases the coupling of the interactions. However, shorter linkers have the potential to introduce steric interference and may limit the rotational freedom of the binding partners to engage at the preferred interface. For nonideal linkers that are not completely flexible, such as poly(dT) DNA, the orientation of the linkers can in turn restrict the orientation of the binding partners, causing a decrease in the effective local concentration. The effective local concentration also determines the weakest interaction that can be detected by DNA-assisted binding. Any interaction weaker than the effective local concentration will not be significantly "assisted" by the DNA.
We experimentally determined the values of C eff for several of the linker pairs used in this study by measuring the equilibrium dissociation constants for two identical short complementary DNA sequences connected by a pair of identical six-base poly(dT) linkers (T6-T6) or a pair of four-base and eight-base poly(dT) linkers (T4-T8) ( Supplementary Fig. 2 ). We measured the strength of the complementary DNA-DNA interaction alone (K DNA ), as well as the combined interaction of the two identical complementary sequences when connected by either pair of the linkers (Supplementary Results). From these Fig. 1 . Experimental design of a generic DNA-assisted binding experiment. In the generalized DNAassisted binding experiment, A and B are proteins that interact weakly, and a and b are weakly hybridizing DNA oligomers. Light-gray bars denote the flexible linker, which could be poly(dT), abasic DNA, or short polyethylene glycol polymers. Black circles denote a generic quencher moiety, and stars denote a generic fluorophore. Fluorescence is quenched upon DNA-DNA association, as indicated by the gray star. measurements, we calculated the C eff for the T6-T6 linkers at 500 mM NaCl to be 2.0 ± 1.1 mM, and that for the T4-T8 linkers at 300 mM NaCl to be 1.1 ± 0.3 mM. Theoretical values for C eff estimated by assuming that the linkers are nonreplusive, fully flexible, and of zero diameter are within a factor of 3 of the values derived from the experiment (Supplementary Results). With decreasing salt concentration, the value of C eff decreases sharply, presumably due to electrostatic repulsion between the phosphates of the DNA. Therefore, all our experiments were performed at monovalent salt concentrations of 300 mM or higher.
In DNA-assisted binding, the association of the protein-DNA conjugates can be measured by monitoring the spectroscopic signal of a fluorophore and a quencher placed on opposite DNA strands. DNA, unlike many proteins, can be inexpensively functionalized at defined locations that do not interfere with hybridization. Any pair of complementary fluorophores and quenchers could be used, and quenching moieties with large extinction coefficients and optimal spectral overlap with fluorophore emission will give a greater total signal change upon association. In these experiments, we chose 6-carboxyfluorescein as fluorophore and a pair of guanine bases as quencher. Guanine serves as a convenient quencher, as it can be inexpensively incorporated at both terminal location and interior location in a DNA oligomer. Guanine has been reported to quench a wide variety of fluorophores due to the transfer of an electron from the guanine base to the excited state of the fluorophore. [13] [14] [15] Preliminary DNA assistance experiments showed that a single overhanging guanine residue opposite the fluorophore is sufficient to give a quenching signal upon DNA hybridization, and additional overhanging guanines further increased the quenching of the fluorescence (data not shown).
Measuring a coiled-coil peptide interaction by DNA-assisted binding
To test the DNA-assisted binding method with proteins, we required a pair of associating proteins with known structure and for which the effect of salt concentration and pH on the association is known. A suitable choice is the K4-E4 heterodimerizing coiled-coil system, which has an equilibrium dissociation constant of 900 nM in 100 mM KCl at pH 7. 16 In each peptide, we substituted tryptophan for one residue at the N-terminus to facilitate concentration determination. Isothermal titration calorimetry experiments confirm that the equilibrium dissociation constant for the modified K4 and E4 peptides is approximately 1 μM in a buffer containing 500 mM NaCl at pH 8 (data not shown).
For the experiments with the associating coiled coils (Fig. 2) , we chose complementary DNA sequences that interact very weakly, with a measured equilibrium dissociation constant K DNA of 1900 ± 100 nM. When linked by T6-T6 to the coiledcoil peptides, the interaction of the peptide-DNA conjugates (K total ) was 7 ± 2 nM-260-fold tighter than the interaction of the DNA alone. Thus, the interaction of the peptides increased the apparent strength of the DNA-DNA interactions, as expected. Using Eq. (1) and the experimentally determined C eff of 2.0 mM, the strength of the peptide-peptide interaction K protein is calculated to be 7000 ± 2000 nM.
Confirmation of expected DNA-dependent effects
To verify that the binding of the protein-DNA conjugates obeys the relations in Eq. (1), we confirmed that the association depends on the effective local concentration. Lengthening the poly (dT) linker should decrease the effective local concentration of the peptides, thereby weakening the affinity of the interaction between the two peptide-DNA conjugates. Simple geometrical estimates of C eff based on the volume of space that is accessible to the linkers suggest that lengthening both linkers to T9 or T12 without changing K protein or K DNA should decrease the affinity of the peptide-DNA conjugates to 19 nM or 42 nM (Supplementary Results). Measurements of the DNA-assisted coiled-coil interaction strength using a pair of T9 linkers and a pair of T12 linkers gave dissociation constants (K total ) of 16 ± 2 nM and 26 ± 7 nM, respectively, confirming that increasing the linker length decreased the affinity of peptide-DNA conjugate binding.
We also confirmed that different complementary DNA sequences with different interaction strengths result in appropriate changes in the measured interaction between the peptide-DNA conjugates. The interaction of hybridizing sequences with a single GC-to-AT substitution was calculated by nearest-neighbor methods 17 because the interaction was too weak for convenient experimental measurement. The single base-pair change was calculated to weaken the DNA-DNA interaction by 5-fold. When the GC-to-AT substituted DNA sequences were conjugated to the K4 and E4 peptides, we measured a 3-fold decrease in the interaction between the conjugates-a shift in K total from 7 ± 2 nM with the original DNA sequence to 24 ± 10 nM. The difference between the expected change and the measured change in the interaction between conjugates is within the error of the computational estimates of weak hybridization between very short oligonucleotides.
The domain-domain interaction in AraC
We applied the DNA-assisted binding method to investigate an important biological concern: the mechanism of the AraC transcription factor in E. coli. The AraC monomer consists of two domains, an N-terminal dimerization domain which also binds sugars, and a C-terminal DBD, connected by a flexible linker. 18, 19 A substantial body of genetic, physiological, and biophysical evidence suggests that AraC acts through a "light-switch" mechanism, where the major conformational change in the protein in response to arabinose is in the 18-residue N-terminal arm. 5, [20] [21] [22] [23] In the repressing state, the Nterminal arm binds both the dimerization domain and the DBD, holding the protein in a rigid conformation. 4, 6, 24 In the activating state, the arm binds over the arabinose-binding pocket. This is postulated to release the DBD to allow binding to adjacent DNA half-sites 4, 25 (Fig. 3) . The mechanism predicts an interaction between the DBD and the dimerization domain that is reduced or eliminated in the presence of arabinose.
The light-switch model for AraC action leads to the prediction that the domain-domain interaction Fig. 3 . Regulation of the p BAD promoter by AraC. In the absence of arabinose, the AraC dimer binds to distant I 1 and O 2 half-sites, forming a DNA loop and repressing transcription of downstream genes. When arabinose is added, AraC protein undergoes a conformational change in the N-terminal arm that increases the flexibility of the dimer. Arabinose-bound AraC preferentially binds to adjacent I 1 and I 2 half-sites to activate transcription from the p BAD promoter.
in AraC will be extremely weak. Because the model requires that the two domains associate and dissociate in response to the signal provided by arabinose, the equilibrium dissociation constant between the domains of AraC must be on the same order of magnitude as the effective local concentration of one domain in the presence of the other domain in vivo (Supplementary Discussion). The eight-residue native interdomain linker in AraC 19, 26, 27 results in a 10 mM local concentration of one domain in the presence of the other . If the K d between isolated domains were 1 μM, the domains in the context of native AraC would only dissociate and form the activating conformation 1:10,000th of the time, causing the AraC protein to be stuck in the repressing conformation. We therefore expect the interaction between the domains in the absence of arabinose to be extremely weak (between 0.1 mM and 1 mM). Such a weak interaction is near the limit of detection with our DNA-assisted binding method. In light of the expected marginal detectability of the domain-domain interaction in AraC, we used the shortest possible linkers compatible with the geometry of AraC: a T4 linker on the DBD and a T8 linker on the dimerization domain.
The DNA-assisted binding method succeeded in detecting an arabinose-regulated interaction between the domains of AraC (Fig. 4, Table 1 ). The data clearly show an interaction between the domains and a weakening of this interaction in the presence of arabinose. Control experiments were conducted to confirm that the change in the interaction is not a result of one of the individual domains affecting the DNA hybridization (see the text below). Application of Eq. (1) to the measured dissociation constants gives an interaction of 0.37 ± 0.06 mM between the domains in the absence of arabinose and a weaker interaction of 0.60 ± 0.07 mM between the domains in the presence of arabinose. This result is highly reproducible. Experiments performed months apart and with different preparations of the conjugates show the same differences between binding with arabinose and binding without arabinose, and when compared to the DNA-only control.
Effect of constitutive mutations on AraC domain interactions
In the absence of arabinose, the DBD of AraC appears to be rigidly held to the dimerization domain, leading to repression; in the presence of arabinose, the DBD appears to be released from the dimerization domain, leading to induction. 4, 6, 25 Mutations could therefore exist where the interaction between domains is weakened and the protein cannot form a rigid repressing structure. These mutations would display a constitutive phenotype-they would no longer need arabinose to induce. Indeed, constitutive mutations in AraC have been isolated and studied. 5, 23, [28] [29] [30] [31] We tested whether constitutive mutations in AraC decrease the strength of the interaction between the dimerization domain and the DBD. The mutant AraC G12T displays an intermediate constitutive phenotype, 30 and we predict that the mutant protein will possess a partial defect in the interaction between domains. The G12T mutant decreased, but did not eliminate, the interaction between domains both in the presence and in the absence of arabinose (Table 1) .
We expect that deletion of residues 8-14 in the N-terminal arm, which results in a full constitutive phenotype, will eliminate the minus-arabinose interaction between the domains. Deletion of the arm did eliminate, as predicted, the specific minus-arabinose interaction (Table 1) . However, it left the interaction between domains seen in the presence of arabinose.
Experimental controls on effects of protein-DNA conjugation
We performed a number of control experiments to test for possible artifacts. Arabinose binding and I 1 DNA binding assays confirmed that the dimerization domain and the DBD remained active after conjugation to DNA. The dimerization domain-DNA conjugate binds arabinose with the same affinity as for the unconjugated dimerization domain. Similarly, the change in the average emission wavelength of the intrinsic tryptophan fluorescence upon arabinose binding is unchanged by DNA conjugation. The DBD remains competent to bind I 1 half-site DNA when conjugated, although at least 10-fold-higher concentrations of DBD-DNA conjugate are required to detect binding via a gel retardation assay (data not shown). This difference is not unexpected, as the conjugated DNA adds a substantial negative charge that likely interferes with I 1 DNA binding.
It is possible that the addition of arabinose to the DNA assistance experiments could perturb the hybridization of the DNA. To control for this effect, we conducted experiments with arabinose, with glucose, or without sugar and showed that the DNA hybridization is not affected by the presence of different sugars (data not shown). This confirms that the weakening of the protein-DNA conjugate interaction by the addition of arabinose is not a consequence of the sugar weakening the DNA-DNA interaction.
Because proteins conjugated to DNA could perturb the DNA hybridization interaction, we also showed that neither the DBD nor the dimerization domain affects the hybridization of the conjugated DNA. The binding between DBD-DNA conjugate and DNA alone, as well as the binding between dimerization domain-DNA conjugate and DNA alone, is the same as the DNA hybridization in the absence of any protein conjugate. Furthermore, the binding of dimerization domain-DNA conjugate to DNA is unchanged by arabinose.
Discussion
Weak protein-protein interactions are widespread in biology because many proteins function as members of large macromolecular complexes such as ribosomes, spliceosomes, fatty acid synthases, and transcription enhancer complexes. In these complexes, individual proteins are held at a high local concentration; thus, pairwise interactions between proteins need only to be weak to build a strong network of interacting proteins. Weak interactions can also be found between the domains of an individual protein, which are held at a high local concentration as a consequence of their covalent linkage. In one such example (the regulatory protein AraC), it is predicted that the weak interaction between the domains will be further weakened or eliminated by the addition of arabinose. [4] [5] [6] The weakness of this interdomain interaction has thus far prevented its detection and quantitation with in vitro biophysical methods. In this study, we developed the DNA-assisted binding method to detect and measure the predicted weak domain-domain interaction in AraC and to show that it is further weakened by the addition of arabinose. The method should be useful in the study of weak interactions in other systems.
Our in vitro DNA-assisted binding method makes weak protein-protein interactions easier to measure by helping to bring the binding partners into high effective local concentration. We use DNA hybridization as the source of additional binding energy. This allows the assay to be quantitative, as energetic contributions from the DNA interaction can be accurately measured or calculated. Furthermore, the strength of the DNA contribution is tunable by changing DNA sequence, salt concentration, or temperature. DNA can be inexpensively and specifically functionalized, allowing for simple detection of the interaction through fluorescence quenching. Finally, the in vitro nature of the experiment allows the interaction to be measured in a controlled environment (e.g., in the presence or in the absence of other molecules that modulate the interaction).
We used a model system of dimerizing coiled coils to prove the applicability and quantitative rigor of the DNA-assisted binding assay. The coiled-coil interaction does indeed strengthen the interaction of the peptide-DNA conjugates as compared to the DNA interaction alone (from 1900 nM for DNA alone to 7 nM with the peptide-DNA conjugates). This corresponds to a coiled-coil interaction with a K d of 7000 ± 2000 nM, which agrees reasonably well with the affinity of the K4 and E4 in our sample buffer. We further confirmed that the affinity of the peptide-DNA conjugates varies with the strength of the DNA hybridization and the length of the flexible DNA linker, as predicted.
We employed the DNA-assisted binding method to investigate the mechanism of the AraC protein.
We directly verified, as predicted by a wealth of indirect experimental data, [4] [5] [6] [18] [19] [20] [21] [22] [23] [24] an interaction between the dimerization domain and the DBD with a K d of about 0.37 mM, and we showed that this interaction is weakened by arabinose. Unexpectedly, we found a residual interaction between the domains that remained despite the presence of arabinose. This plus-arabinose interaction was also present in a mutant where the N-terminal arm, which is required for the interaction between domains, is deleted. Below, we-consider two possible interpretations of the plus-arabinose interaction. First, we consider the possibility that the plus-arabinose interaction is functionally relevant, and we review its implications for the current model for AraC action. We then consider the possibility that the residual interaction is not directly related to AraC function, but represents a nonspecific domain-domain interaction of a type that may exist between many protein pairs.
First, let us assume that the plus-arabinose interaction is functionally relevant. By comparing our measured domain-domain interactions with the difference in energy between the arabinose-bound state and the arabinose-free state in the intact protein, we can determine whether the measured change in the domain-domain interaction is sufficient to account for the regulatory behavior of the intact protein. In the light-switch model, AraC is only able to bind to adjacent DNA half-sites when the arm-mediated domain-domain interaction has been released. Several lines of evidence suggest that the addition of arabinose increases by 40-fold the amount of AraC that is capable of binding to adjacent DNA half-sites 25, [32] [33] [34] (Supplementary Discussion) . This corresponds to a 2.1 kcal/mol difference between the arabinose-bound state and the arabinose-free state. If only one monomer of AraC must change conformation to shift the dimer to the inducing state, a single monomer should account for the 2.1 kcal/mol change in free energy between states. However, if both monomers must change conformation to shift the dimer into the inducing state, the energy difference is divided between both monomers, giving a 1.1 kcal/mol difference. Our observed change in equilibrium dissociation constant between the domains of a single monomer (from 0.6 mM in the presence of arabinose to 0.37 mM in the absence of arabinose) corresponds to a 0.27 kcal/mol difference between the arabinose-bound state and the arabinose-free state. Thus, the mechanism currently proposed for AraC may be incomplete, in which case as-yetundetected arabinose-dependent conformational changes must be required to switch the protein to an activating state.
An alternative possibility is that the domaindomain interaction that remains in the presence of arabinose is a result of one or more nonspecific interactions that have little or nothing to do with normal AraC function. For example, they could result from an interaction that is prevented by the native interdomain linker present in intact AraC. If this is true, it is possible that many pairs of proteins have weak nonspecific interactions that are irrelevant to biological function. The DNA-assisted binding method could serve as a way to investigate this class of weak protein-protein interaction.
The DNA-assisted binding method is particularly well suited to the measurement of small changes in the strength of a weak interaction. In a system where the interaction interface and linkers remain the same, sources of systematic error, such as uncertainty in C eff , cancel out. In these cases, as seen in the investigation of the AraC domain-domain interaction (Table 1) , the assay generates highly reproducible data with small errors. We expect therefore that the DNA-assisted binding assay will prove particularly useful in studying the effects of ligands and mutations on weak interactions in other systems.
In this study, we developed a method to measure weak protein-protein interactions using protein-DNA conjugates. We used this method to measure the interaction between the domains of the AraC protein in the absence of arabinose, confirming a prediction of the light-switch mechanism. We also detected a weak interaction between the two domains of the AraC protein in the presence of arabinose. The plus-arabinose interaction is not predicted by the light-switch mechanism and suggests the presence of an additional as-yetundiscovered component to the protein's arabinose response.
Materials and Methods

DNA for intein-mediated conjugation
All DNA oligonucleotides used for intein-based conjugation were functionalized at the 5′ end with OligoModifying Reagent (Glen Research) and synthesized at the DNA/RNA Synthesis Core Facility at the Johns Hopkins School of Public Health. Fluorescent DNA oligonucleotides were further modified at the 3′ end with 6-carboxyfluorescein. Synthetic oligonucleotides resuspended in 10 mM Tris (pH 8) and 1 mM ethylenediaminetetraacetic acid (EDTA) were deprotected with at least 5 mM tris(2-carboxyethyl)phosphine (TCEP; Thermo Scientific) at room temperature for at least 30 min immediately before conjugation.
DNA sequences of assisting oligomers
The oligomers used in the coiled-coil experiments were 5′-TTTTTTGGGTTCTAC-3′ and 5′-TTTTTTGTAGAAC-3′, as well as the GC-to-AT substituted sequences 5′-TTTTTTGGGTTATAC-3′ and 5′-TTTTTTGTATAAC-3′ (complementary sequences in boldface). The oligomers for the AraC domain interaction experiments were 5′-TTTTGTCGAAC-3′ and 5′-GGGTTCGACTTTTTTTT-3′.
Design of coiled-coil DNA conjugates
Because the K4 and E4 peptides were expressed and purified as intein fusions to allow intein-mediated DNA conjugation, we slightly modified the original K4 and E4 peptide sequences. 16 An N-terminal methionine allows the peptide to be expressed in E. coli. Addition of an alanine residue between the peptide and the intein fused to the Cterminus of the peptide increases the rate of cleavage by the intein. 35 A valine-to-tryptophan substitution near the Nterminus of both peptides allows the concentration to be determined by absorption at 280 nm. The sequences were K4, MAKWSALKEKVSALKEKVSALKEKVSALKEAA and E4, MAEWSALEKEVSALEKEVSALEKEVSALEKAA.
The concentration of peptide-DNA conjugates was determined by absorbance at 260 nm. Extinction coefficients were calculated as absorbance at 260 nm for the DNA alone, added to the absorbance of the single tryptophan at 260 nm (3750 M − 1 cm − 1 ). The molar extinction coefficient for the T6-linked K4-DNA conjugate with hybridizing DNA sequence 5′-GTTCTAC-3′ was 132,100 M − 1 cm − 1 , and all other extinction coefficients were calculated similarly.
Cloning and purification of coiled-coil peptide-DNA and DBD-DNA conjugates DNA coding for the K4 and E4 peptides was synthesized by Integrated DNA Technologies. DNA coding for the AraC DBD (AraC amino acid residues 175-292) was modified by QuikChange site-directed mutagenesis (Stratagene) to remove the final 11 residues of the DBD, which have been shown by NMR to be unstructured and are not required for AraC repression or induction. 19, 27 Coding DNA was then cloned into the pTXB3 vector (New England Biolabs) using NcoI and SapI sites. Proteins were expressed as intein fusions in E. coli BL21(DE3) cells and purified using chitin beads (New England Biolabs) in accordance with the manufacturer's protocol. 36 Cleavage of the peptide or protein from the intein was initiated by the addition of sodium-2-sulfanylethanesulfonate up to 50 mM. DBD-intein fusions were incubated for 3 h at room temperature, and coiled-coil peptide-intein fusions were incubated overnight at room temperature. Free sodium-2-sulfanylethanesulfonate-activated proteins were eluted and concentrated to approximately 1 mL using Amicon Ultra-4 Centrifugal Filters.
Coiled-coil peptides (500 μM) were added in at least 4-fold molar excess to deprotected 5′-cysteinyl-modified DNA and allowed to react overnight at room temperature in a final volume of 1 mL. Peptide-DNA conjugates were purified by binding to a 1-mL butyl-HP column (GE Biosciences) and eluted with an ammonium sulfate gradient (2-0 M). The purity of fluorescent peptide-DNA conjugates was assessed by SDS-PAGE, followed by visualization of fluorescent bands. The presence of peptides in the conjugate was confirmed by tryptophan fluorescence of column fractions. Peptide-DNA conjugates were dialyzed overnight in 0.8 M NaCl, 20 mM Tris (pH 8), and 1 mM EDTA in a dialysis tubing with a 500-Da molecular mass cutoff and stored at room temperature. Concentration was determined by absorbance at 260 nm. DBD (200 μM) was reacted overnight in approximately 1.5 mL with a 2:1 molar ratio of DBD to deprotected 5′-cysteinyl-modified fluorescent DNA. DBD-DNA conjugates were purified by binding to 1-mL heparin HP columns (GE Healthcare) and eluting with a gradient from 0.05 M to 1 M NaCl in 20 mM sodium phosphate (pH 6), 1 mM EDTA, and 1 mM DTT.
Purification and conjugation of the AraC dimerization domain
Purification of the Y31V, C66S, and S170C AraC dimerization domain using the pET21-based AraCTF vector 37 was performed as previously described. 26 The dimerization domain was conjugated to DNA with sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Pierce Biotechnology). DNA oligomers with 3′ primary amine groups were purchased from Integrated DNA Technologies. Crosslinker and DNA were mixed in a 20:1 molar ratio ( total volume, 300 μL) in 100 mM sodium phosphate (pH 7.5) and 1 mM EDTA, and reacted at room temperature for 3 h. Excess crosslinker was removed by buffer exchange through G-10 size-exclusion beads twice. The dimerization domain was incubated with 10 mM TCEP for 30 min and then transferred into a buffer containing 100 mM sodium phosphate (pH 7.5) and 1 mM EDTA by passage through G-10 size-exclusion beads twice. Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate-linked DNA and dimerization domain were mixed in a 2-fold molar excess of protein ( total volume, 1.2 mL) and incubated overnight at room temperature. Protein-DNA conjugates were purified by two cycles of ammonium sulfate precipitation, followed by ion-exchange chromatography ( volume, 1 mL; Pharmacia MonoQ HR 5/5) with a gradient from 0.05 M to 1 M NaCl. The singly conjugated dimer peak was pooled and dialyzed for 2 h and again overnight, each time in 500 mL of buffer containing 300 mM NaCl, 10 mM Tris (pH 8), and 0.5 mM EDTA to remove arabinose.
Determination of the concentration of AraC domain-DNA conjugates
The concentrations of both DBD-DNA and dimerization domain-DNA conjugates were determined by absorbance at 260 nm, where the majority of the absorbance is contributed by the DNA and the tryptophans in the protein. For dimerization domain conjugates, only one of the monomers in the dimer was conjugated to DNA (Supplementary Discussion); thus, molar extinction coefficients per dimer were calculated as the absorption of the DNA oligomer at 260 nm added to the contribution of tryptophans from two monomers (10 tryptophans in total) at 260 nm (3750 M − 1 cm − 1 ). The molar extinction coefficients used were 187,900 M − 1 cm − 1 for dimerization domain-T8 and 105,150 M − 1 cm − 1 for DBD-T4.
Isothermal titration calorimetry
Isothermal titration calorimetry experiments were conducted in a VP-ITC (MicroCal) at 24°C. K4 and E4 peptides were dialyzed overnight into an identical buffer containing 500 mM NaCl, 20 mM Tris (pH 8), and 1 mM EDTA. K4 peptide at 75 μM was placed in the cell, and 300 μM E4 peptide was placed in the syringe. Experiments consisted of 28 injections of 10 μL each at a rate of 0.5 μL/s, and 400 s elapsed between each injection. Data were analyzed using the Origin software package (MicroCal).
Fluorescence quenching measurements and analysis
Fluorescence measurements were made on a Tconfiguration Photon Technology International fluorimeter equipped with a 70-W xenon arc lamp light and a temperature-controlled cuvette holder. Experiments were conducted at 24°C for coiled-coil measurements and at 20°C for AraC domain measurements, in 5 mm pathlength quartz cuvettes. Coiled-coil experiments used a buffer containing 500 mM NaCl, 20 mM Tris (pH 8), 1 mM EDTA, 100 μg/mL bovine serum albumin, and 1 mM TCEP, and AraC experiments used a buffer containing 300 mM NaCl, 10 mM Tris (pH 8), 0.5 mM EDTA, 50 μg/mL bovine serum albumin, 2 mM MgCl 2 , and 0.5 mM TCEP. When included, sugars were diluted from a 1 M sterile filtered stock to a final concentration of 10 mM. Mixtures of fluorophore and quencher conjugates ( total volume, 750 μL) were preincubated for at least 1 h before fluorescence measurement. Samples were excited at 495 nm, and an emission spectrum was collected from 505 nm to 540 nm. Intensity was averaged from 515 nm to 540 nm and corrected for dilution due to the added volume of the quenching species. Average intensities were then fitted to a simple binding model:
where θ is the fraction bound and Q is the concentration of the quencher species. For several DNA control experiments and all coiled-coil conjugate experiments, where K d was on the same order as the fluorophore concentration, we used the binding model:
where θ is the fraction bound, F f is the total fluorophore concentration, and Q t is the total quencher concentration.
